Introduction
Despite the success of antiretroviral therapy (ART) in reducing HIV-related morbidity and mortality, ART is not curative and needs to be taken lifelong. The main reason why ART cannot cure HIV infection is the persistence of long lived latently infected CD4 þ T cells in blood and tissue [1, 2] . HIV can persist during ART in central, transitional, and effector memory CD4 þ T cells, in addition to naive and memory stem CD4 þ T cells [3] [4] [5] .
We have previously demonstrated that HIV latency can be established in vitro following direct infection of resting CD4 þ T cells pretreated with chemokines that bind to chemokine receptors (CKR) highly expressed on these T cells, including CCR6, CCR7, and CXCR3 [6] . Ligation of these CKR led to changes in cortical actin allowing for rapid migration of the preintegration complex to the nucleus and efficient nuclear localization and integration [6] .
CKR also play important roles in the homing of CD4 þ T cells to tissue where they receive homeostatic survival signals or move to sites of inflammation. CCR7 expressing cells, for example, home to the lymph node [7] , CXCR3þ, and CCR5þ cells home to sites of inflammation [8, 9] , CCR6þ cells home to the gutassociated lymphoid tissue (GALT) and sites of inflammation [10, 11] and CXCR5þ cells are preferentially found in the germinal centres of lymphoid tissue [12] [13] [14] . CKR expression also defines the function of specific memory CD4 þ T-cell subsets; Th1 cells express CXCR3; Th1/Th17 cells express CXCR3 and CCR6, Th17 cells express CCR4 and CCR6; Th2 cells express CCR4; and Th0 express only CCR7 [7] [8] [9] [10] [11] [15] [16] [17] . A percentage of all the above functional subsets express CCR5, except Th2 cells [18] .
Given the differential penetration of ART in certain tissue sites [19, 20] and the higher frequency of infected cells in tissues such as the gastrointestinal tract [21] [22] [23] and in germinal centres of the lymph node [24] , we hypothesized that resting CD4 þ T cells that express CKR that home to either gut-associated lymphoid tissue or lymph node may be potential targets for direct infection and establishment of latent infection, and that expression of these CKR will be associated with HIV persistence in individuals on suppressive ART. The aims of this study were to assess the relationship between CKR expression on CD4 þ T cells and chemokine concentration of their respective ligands and virus persistence; and to determine if there was enrichment of HIV in central memory CD4 þ T cells that expressed CXCR3 or CCR6; in individuals receiving long-term suppressive ART.
Materials and methods
Participant recruitment A total of 48 HIV-infected individuals receiving suppressive ART were recruited at the University of California San Francisco, San Francisco, California, USA. Inclusion criteria included receiving ART for more than 3 years, CD4 þ T-cell count more than 350 cells/ml and plasma HIV RNA less than 40 copies/ml (Abbott real time HIV-1 PCR) for at least 3 years. A subset of 20 individuals underwent leukapheresis to sort CD4 þ T-cell subsets. The study was approved by the institutional review boards at University of California San Francisco, Monash University, and the Alfred Hospital, Melbourne, Australia. All participants provided informed consent.
Flow cytometry CKR expression was measured on CD4 þ T cells in whole blood as both the peripheral blood mononuclear cells isolation and freezing process can alter the expression of certain CKR. The panel of fluorescently labelled antibodies included CD3-Alexa700, CD4-QDot605, CD45RA-APC-H7, CD27-QDot655, CCR7-PE-Cy7, CCR5-V450, CCR6-PE, CXCR5-Alexa488, CXCR3-PECy5 and CD14/19 AmCyan (Becton Dickinson, Franklin Lakes, New Jersey, USA). Subsets were identified by CD27, CD45RA, and CCR7 expression described in [3] , (Supplementary Figure 1 , http://links.lww.com/QAD/A871).
Quantification of total and integrated HIV DNA, 2-LTR circles, and cell-associated unspliced HIV RNA CD4 þ T cells were isolated from cryopreserved peripheral blood mononuclear cell using magnetic negative selection as per manufacturer's protocol (Stem Cell Technologies, Vancouver, Canada). Quantification of HIV DNA (total, integrated, and 2-LTR circles) and cell-associated unspliced HIV RNA (CA-US HIV RNA) were performed using quantitative real-time nested polymerase chain reaction (PCR) described in [25, 26] .
Quantification of chemokines in plasma
Chemokine levels were measured in frozen plasma isolated from blood collected in ethylenediaminetetraacetic acid tubes using multiplex Luminex assays (Millipore, Billerica, Massachusetts, USA and Life Technologies).
Statistical analysis
Data distributions were assessed through descriptive statistics and scatter plots. Spearman rank correlations were used to assess the relationship between measures of HIV persistence with each CKR (measured as the percentage of total and memory CD4 þ T cells expressing each marker) and chemokine concentration within the plasma.
Negative binomial regression models were run for comparisons between viral reservoir measures (outcome, dependent variable) and CKR expression on memory and total CD4 þ T cells (predictor, independent variable). The PCR assays for HIV persistence produce results with similar structure and were therefore analysed by similar statistical methods. In each case, we modelled copies/(input to the assay) by applying negative binomial regression with copies as the outcome variable and the measure of input as an 'exposure' variable, and using robust standard errors. In this type of regression, the outcome is modelled on the log scale (technically, using a log 'link function'), and log (exposure) is included in the regression equation with a fixed coefficient of 1, so that multiplicative effects of covariates on copies/input are modelled. For example, the CA-US HIV RNA assay uses a measure of 18 s RNA as the input total RNA, indicating the number of cells, so our models estimated covariate effects on copies per million cells. This regression method has some advantages over approaches that first calculate log (copies/input) for each person and then apply standard methods such as correlation, t tests, or linear regression. Notably, the methods we have used take into account that copies/input is measured with less precision when the number of copies is lower and when the amount of input is lower; this was important because there were cases of low or no copies and there was some variation in input total RNA. The methods also permit proper quantitative use of instances where zero copies were present in the specimen assayed, without a need for ad hoc modifications to permit taking logarithms. For some of the assays, there were instances of signal detected, but below the amount corresponding to a single copy. We treated these as having an intermediate value of 0.5 copies to reflect uncertainty about whether or not a copy was actually present. In the negative binomial models, current and nadir CD4 þ T-cell counts were included in multivariate models to adjust for their effects. To mitigate skewness, the percentage of CCR5þ CD4 þ T cells were log 2 transformed.
To compare integrated HIV DNA and CA-US HIV RNA across sorted CD4 þ T-cell subsets, we fit negative binomial models with cell subset as a predictor variable and with a random person effect to account for withinperson correlation. These models did not use robust standard errors, because of the smaller sample size [27] . To compare HIV RNA : DNA ratios between T-cell subsets, we fit similar models to a data set that included separate observations for RNA and DNA. Predictor variables included an indicator of whether the observation was for RNA (vs. DNA), cell subset, and an interaction of RNA and subset, which quantified and tested the difference in RNA : DNA ratio between subsets. These models included random intercept and RNA terms to produce matched, within-person comparisons. Analyses were run in Stata version 12 (Stata Corp, College Station, Texas, USA).
Results

Current CD4 R T-cell count and expression of chemokine receptors are strongly associated
The clinical characteristics of the study participants are summarized in Table 1 . Given previous studies have shown an inverse association between HIV DNA and current CD4 þ T-cell count [3, 28] , we first examined this relationship. Strong statistically significant negative correlations were identified between integrated HIV DNA and current CD4 þ T-cell count (r ¼ À0.54, P < 0.001) and between 2-LTR circles and nadir CD4 þ T-cell count (r ¼ À0.45, P ¼ 0.002; Fig. 1a and b ).
Next, we quantified the expression of CKR on total CD4 þ T cells. The proportion of CCR7þ CD4 þ T cells was highest, followed by CXCR3 and CCR6, then CCR5 and CXCR5 at similarly low proportions ( Supplementary Figure 2A , http://links.lww.com/ QAD/A871). There was a statistically significant positive correlation between the frequency of CD4 þ T cell expressing CCR7 and current CD4 þ T-cell count (r ¼ þ0.59, P value < 0.001). In contrast, current CD4 þ T-cell count was negatively correlated with the frequency of CD4 þ T cells expressing CCR5 (r ¼ À0.50, P value < 0.001), CCR6 (r ¼ À0.42, P value ¼ 0.003) and CXCR3 (r ¼ À0.57, P value < 0.001; Fig. 1c ). There was no statistically significant relationship between the frequency of CD4 þ T cells expressing CXCR5 and current CD4 þ T-cell count (r ¼ À0. 15 , P value > 0.05, data not shown). When similar analyses were performed using nadir CD4 þ T-cell count, none of the correlations were statistically significant. In addition, there was no substantial relationship between the concentration of chemokine quantified in plasma (Supplementary Figure  3 , http://links.lww.com/QAD/A871) with current or nadir CD4 þ T-cell counts (data not shown).
Relationship between chemokine receptor expression and integrated HIV DNA
Next, the relationship between the expression of single CKR on total CD4 þ T cells and HIV persistence was assessed. There were no substantial correlations observed between CKR expression and total HIV DNA, US HIV RNA, or 2-LTR circles (Supplementary Table 1 statistically significant positive, but relatively weak correlation with integrated HIV DNA (r ¼ þ0.29, P value ¼ 0.048), ( Fig. 2a ; Supplementary Table 1 , http:// links.lww.com/QAD/A871). Additional post hoc sensitivity testing was performed on the relationship between CCR5 expression on total CD4 þ T cells with integrated HIV DNA and two outliers were removed for subsequent analysis. Of note, the association remained after removal of these outliers (r ¼ þ0.32, P value ¼ 0.031).
Given the strong relationships between CKR expression and integrated HIV DNA with current CD4 þ T-cell count; and 2-LTR circles with nadir CD4 þ T-cell count ( Fig. 1) , we then used a negative binomial regression model that adjusted for either current or nadir CD4 þ T-cell counts to examine the relationships between virus persistence and CKR expression. After adjusting for current CD4 þ T-cell count, the association between CCR5 and integrated HIV DNA largely disappeared ( Table 2) .
We next assessed the relationship between HIV persistence and the coexpression of CXCR3 and CCR6 on total memory CD4 þ T cells (Fig. 2b) , this mixed population includes central, transitional, and effector memory CD4 þ T-cell subsets, that is, all cells that express CXCR3 and CCR6 (summarized in Supplementary Table 2 , http://links.lww.com/QAD/ A871). There was a statistically significant positive association between integrated HIV DNA with memory CD4 þ T cells that coexpressed, CXCR3þCCR6þ (r ¼ þ0. 35 , P value ¼ 0.015) and memory CD4 þ T cells that were CXCR3þCCR6À (r ¼ þ0.34, P value ¼ 0.016; Fig. 2c ), but again this was no longer statistically significant after adjusting for current or nadir CD4 þ T-cell count ( Supplementary Table 3 , http:// links.lww.com/QAD/A871). Despite a strong correlation between integrated and total HIV DNA (r ¼ þ0.73 P value < 0.001), all associations observed with total HIV DNA were consistently weaker compared to those observed between CKR expression with integrated HIV DNA (data not shown). In addition, there were no substantial associations between US HIV RNA and individual CKR expressed on total CD4 þ T cells or the memory CD4 þ T-cell subsets when using negative binomial regression analysis (data not shown). 
Relationship between chemokine receptor expression and 2-LTR circles
Using a negative binomial regression model, we observed statistically significant inverse associations between the frequency of 2-LTR circles with CD4 þ T cells that expressed either CCR5 [0.61-fold change in 2-LTR (95% CI 0.39-0.95), P ¼ 0.030] or CXCR3 [0.58-fold change in 2-LTR (95% CI 0.42-0.79), P < 0.001] which both remained statistically significant after adjusting for nadir or current CD4 þ T-cell counts (summarized in Table 2 and Supplementary Fig. 2b , http://links.lww.com/QAD/A871). A weak inverse association between CCR6þ CD4 þ T cells with 2-LTR circles was detected after adjusting for the effect of nadir CD4 þ T-cell count, but this did not reach statistical significance [0.80-fold change in 2-LTR circles for 10 unit increase in percentage CCR6, (95% CI 0.63-1.02)] P value ¼ 0.074). Interestingly, we also found a positive association between 2-LTR circles and the percentage of CCR7þ CD4 þ T cells [1.36-fold change in 2-LTR for 10 unit increase in percentage CCR7 (95% CI 1.04-1.76) P value ¼ 0.023], which was statistically significant after adjusting for the effects of nadir CD4 þ T-cell count.
Consistent with the analyses of single CKR expression, we observed a negative association between 2-LTR circles and the proportion of CXCR3þCCR6À memory CD4 þ T cells after adjusting for the effect of nadir CD4 þ T-cell count [0.46-fold change in 2-LTR circles for each 10 unit change in percentage CXCR3þCCR6À cells (95% CI 0.28-0.76) P value ¼ 0.002] (Supplementary Table 3 , http://links.lww. com/QAD/A871).
With the exception of an inverse correlation between 2-LTR circles and the ligand for CCR7, CCL21 (r ¼ À0.31, P ¼ 0.042), there were no substantial relationships between HIV persistence and chemokine levels measured in plasma. Taken together, after adjusting for current and nadir CD4 þ T-cell counts, the only statistically significant association between the expression of a CKR and HIV persistence was an inverse association between 2-LTR circles and expression of CCR5 and CXCR3 found on activated and Th1 polarized CD4 þ T-cells, respectively.
Central memory CD4 R T cells coexpressing chemokine receptors CXCR3 and CCR6 are enriched with HIV DNA in HIV-infected participants on suppressive antiretroviral therapy
To determine if CD4 þ T cells that express CXCR3 and CCR6 were preferentially infected in individuals receiving suppressive ART, we recruited 20 individuals who underwent leukapheresis ( Results are presented as fold-change in the outcome, that is, integrated HIV DNA or 2-LTR circles for each 10 unit increase in the predictor, that is, percentage of CXCR3þ CD4 þ T cells.
also higher than transitional memory CD4 þ T-cells (P value ¼ 0.014) and naïve CD4 þ T-cell subsets (P value < 0.001), (Fig. 3a) .
When CA-US HIV RNA was assessed (Fig. 3B) , all memory CD4 þ T-cell subsets had higher levels of CA-US HIV RNA compared to naïve CD4 þ T-cells (P value < 0.001) whereas transitional memory CD4 þ T-cells had higher levels of CA-US HIV RNA compared to the CXCR3ÀCCR6þ and the CXCR3ÀCCR6À central memory CD4 þ T-cell subsets (p value ¼ 0.002 and 0.001, respectively). CXCR3þCCR6À central memory CD4 þ T-cells had a higher amount of CA-US HIV RNA compared to central memory CD4 þ T-cells that were negative for both CKR (P value ¼ 0.027).
Finally we examined the ratio of CA-US HIV RNA to integrated HIV DNA (CA-US HIV RNA : DNA) to assess the average level of transcription per infected cell [29] . Although the majority of T-cell subsets had a ratio of CA-US HIV RNA to DNA less than 1, with the exception of CXCR3ÀCCR6þ central memory CD4 þ T-cells [ratio of 2.1 (95% CI 0.97-4.5) P value ¼ 0.059] all CD4 þ T-cell subsets had statistically significant higher CA-US HIV RNA : DNA ratios when compared to CXCR3þCCR6þ central memory CD4 þ T-cells (CXCR3þCCR6À P value ¼ 0.004; CXCR3ÀCCR6À P value ¼ 0.04; Naïve T-cells P value < 0.001; Transitional memory T-cells P value ¼ 0.015; Fig. 3c ). This data is consistent with greater transcriptional silencing in the CXCR3þCCR6þ central memory CD4 þ T-cells which would favour long-term persistence.
Discussion
The overall goal of this study was to assess the relationship between CKR and chemokine expression with markers of viral persistence and to determine if central memory CD4 þ T cells expressing CKR, CXCR3, and CCR6 were enriched for HIV in vivo in HIV-infected individuals receiving suppressive ART. We found that central memory CD4 þ T cells that co-expressed CXCR3 and interquartile ranges are shown. Ã P value < 0.05; ÃÃ P value < 0.01; ÃÃÃ P value < 0.001. In A and B, all comparisons with naive CD4 þ T cells were statistically significant (P values < 0.001) but are not marked to avoid visual clutter. In E, the triangle symbol was used for a sample that had no integrated HIV DNA detected and therefore the lower limit of detection was used to calculate the ratio. The true value of this ratio is considered to be >0.004.
CCR6 were enriched with integrated HIV-DNA and had a lower ratio of CA-US HIV RNA to DNA than any other T-cell subset, consistent with latency; strong relationships between current CD4 þ T-cell count and integrated DNA and nadir CD4 þ T-cell count and 2-LTR circles and an inverse association between the frequency of 2-LTR circles and the proportion of CD4 þ T cells expressing CCR5 or CXCR3 that remained significant even after accounting for both current and nadir CD4 þ T-cell counts.
There are several potential explanations for the enrichment of HIV DNA within CXCR3þCCR6þ central memory CD4 þ T cells in HIV-infected individuals receiving ART. First this may occur as a result of direct infection of resting CD4 þ T cells that express these CKR, as we have demonstrated in vitro [6] . Tissue compartments such as the gastrointestinal tract which are highly enriched for CCR6þ cells would be an ideal environment for ongoing infection of resting CD4 þ T cells to occur given the high expression of the CCR6 ligand, CCL20 [10] and potentially suboptimal penetration of ARTs [20] . Second, CXCR3þCCR6þ cells are a subset of Th17 cells, which have been previously shown to undergo self-renewal and homeostatic proliferation [30] . As Th17 cells are long lived and retain a stem cell-like molecular signature [30] , it is possible that self-renewal favours long-lived viral persistence in these cells through proliferation [31] . Third, CXCR3þCCR6þ central memory CD4 þ T cells are preferentially infected during productive infection as previously demonstrated in vitro and in vivo [32] [33] [34] [35] [36] and if latency is established through survival and reversion of these infected cells to a resting state, then one might expect a higher proportion of latently infected cells expressing these CKR. Finally, CXCR3þCCR6þ or Th1Th17 cells express high levels of CCR5 making them more susceptible to HIV infection compared to CXCR3þ Th1 cells, at least in vitro [32, 33, 35, 36] . Therefore, any or a combination of these explanations could explain the enrichment of HIV in this subset.
In our cross-sectional analysis of the proportion of cells that expressed a single CKR, CCR5 expression was positively associated with integrated DNA, but this was largely because of the effect of current CD4 þ T-cell count. Our findings with CCR5 are consistent with other previous studies that demonstrated a higher concentration of HIV DNA in activated CD4 þ T cells [37] and a positive correlation between HIV DNA and markers of T cells activation, including CCR5 [28] . Given that CKR guide T cells to different anatomical sites or sites of inflammation, it is possible that identifying a relationship between CKR expression and HIV persistence requires examination of CD4 þ T cells from tissue sites rather than blood.
It is generally thought that the detection of 2-LTR circles represents a recently infected cell [38] [39] [40] [41] although it remains controversial how stable these episomal forms of DNA are [41] [42] [43] . We observed that nadir CD4 þ T-cell count had an inverse relationship with 2-LTR circles within total CD4 þ T cells. This might suggest that ongoing viral replication may occur more frequently in individuals who initiate ART late. Using regression models we observed an inverse association between the frequency of 2-LTR circles and the expression of CCR5 and CXCR3 on total CD4 þ T cells. One potential explanation is that 2-LTR circles are diluted in cells that proliferate -such as transitional and effector memory CD4 þ T cells which express both CXCR3 and CCR5 [3] . Taken together with our observation of an inverse association between CCR5 and CXCR3 expression with current CD4 þ T-cell count, it is possible that individuals with lower current and nadir CD4 þ T-cell counts have higher levels of T-cell proliferation and this proliferation is potentially occurring in CD4 þ T cells that express higher levels of these specific CKRs.
Like previous studies, we detected relatively low frequencies of CXCR5-expressing CD4 þ T-cells within the blood as opposed to high expression of CXCR5 in the germinal centres of lymph nodes, where follicular helper T cells (Tfh) that express CXCR5 are abundant [12, 14, 44, 45] . There is currently high interest in these cells as a potential reservoir for HIV infection on ART [24, 46] . Here we found no substantial relationship between CXCR5-expressing CD4 þ T cells in blood with any markers of virus persistence. However, we didn't examine coexpression of CXCR5 with PD-1, which is the generally accepted strategy for identifying Tfh cells [24, 45] . Again, it is possible that a relationship between CXCR5 and viral persistence will only be observed in the lymph node where CXCR5þ CD4 þ T cells are enriched [14, 45] .
We observed a strong inverse relationship between current CD4 þ T-cell count and integrated HIV DNA, although unlike previous studies we did not observe a statistically significant relationship with total HIV DNA [28, 47, 48] . This observation was probably related to the long duration of ART in our cohort potentially leading to a loss of unintegrated HIV DNA [49] . Another clear difference between our study and previous studies was that the median current CD4 þ T-cell count in our study was high with close to all patients (81%) having a CD4 þ T-cell count more than 500 cells/ml. We show here that even with a 'normalized' CD4 þ T-cell count, there was an inverse relationship between current CD4 þ T-cell count and the number of latently infected cells. This inverse relationship could potentially be related to the proportion of naïve CD4 þ T cells, which have a lower frequency of infection compared to memory CD4 þ T cells, in HIV-infected patients on ART as we have previously shown [4] . It is possible that with effective immune reconstitution and expansion of naïve CD4 þ T cells (which have a lower frequency of infection) via either homeostatic proliferation or enhanced thymic output there is a 'dilution' of latently infected memory CD4 þ T cells leading to a lower overall frequency of infected cells. Similarly, within our study we also found that associations with total HIV DNA and CKR were consistently weaker than integrated HIV DNA. Again, it is possible that the differences in observations between integrated and total HIV DNA were related to the duration on cART in our cohort, median 8.5 years (5.0-12.4), potentially leading to a loss of unintegrated HIV DNA forms in some individuals.
There were several limitations of our study. First, this study was cross-sectional and therefore participants were receiving ART for different durations and initiated ART at different nadir CD4 þ T-cell counts, but we accounted for this variation by adjusting for both current and nadir CD4 þ T-cell counts using regression models. Second, we examined the relationship between CKR and chemokine with markers of virus persistence in total CD4 þ T cells within the blood and not in tissue where there is preferential enrichment of T cells that express specific CKR. These studies in rectal tissue and lymph node are ongoing. Third, given limitations in cell numbers, we only quantified virus persistence using PCR-based assays and quantification of replication competent virus is required to truly demonstrate a significant viral reservoir on ART.
In conclusion, we found that CXCR3þCCR6þ central memory CD4 þ T cell from individuals receiving suppressive ART were enriched with HIV DNA and had a lower ratio of CA-US HIV RNA : HIV DNA. Targeting CCR6 and/or CXCR3 with chemokine or CKR antagonists could provide a potential novel strategy to reduce virus persistence on ART.
